1. Introduction {#sec1}
===============

Feline calicivirus (FCV) is a small non-enveloped virus that contains a positive-sense single-stranded RNA genome of approximately 7.7 kb ([@bib6]). FCV belongs to the *Caliciviridae*, a family of viruses that includes important pathogens of humans and animals such as noroviruses, sapoviruses, vesicular exanthema swine virus and rabbit hemorrhagic disease virus ([@bib12], [@bib26]). There are at least six genera in *Caliciviridae*: Norovirus, Sapovirus, Vesivirus, Lagovirus, Nebovirus and Recovirus ([@bib6]). Genera Norovirus and Sapovirus contain human caliciviruses that are the major causes of viral gastroenteritis ([@bib12]). FCV belongs to the genus Vesivirus and is a highly important infectious pathogen of cats. FCV causes acute, self-limiting oral and upper respiratory tract disease or lameness but chronic infection also occurs often. In recent years, virulent, systemic FCV (vs-FCV) strains that cause severe systemic diseases with a high mortality of up to 67% were reported in the US and the EU ([@bib11], [@bib26]). FCV vaccines are available for cats but the antigenic diversity of FCV strains and short-living immunity limits the efficacy of vaccines. In addition, symptomatic or non-symptomatic carriers pose a continuous challenge to the control of FCV infection. Therefore the development of effective therapeutic agents for various FCV strains is expected to provide significant benefit to the management and control of FCV infection in cats.

FCV genome has three open reading frames (ORFs) 1, 2 and 3 ([@bib26]). Viral polyproteins consisting of non-structural proteins, such as viral 3C-like protease (3CLpro) and viral polymerase, are produced from ORF1 and processed by 3CLpro into functional mature proteins. A capsid precursor is translated from ORF2 and subsequently cleaved by viral 3CLpro into the major capsid protein (VP1) and the leader protein of the capsid ([@bib38]). The ORF3 encodes the minor structural protein (VP2), which interacts with VP1 to form the capsid and is associated with RNA genome packaging ([@bib36]). FCV capsid is composed of 180 copies of VP1 and only a few copies of VP2 ([@bib29], [@bib37]). The VP1 is composed of S, P1 and P2 subdomain ([@bib26], [@bib38]) and the P2 subdomain is involved in antigenicity and receptor interactions ([@bib3], [@bib24]). The process of cell entry by FCV and other non-enveloped virus is generally not well understood, but viral binding to the cellular receptor is believed to trigger a conformational change in the capsid leading to capsid disassembly and release of its contents for replication ([@bib2], [@bib16]). Recently, virus entry has become one of the targets for therapeutic intervention, but only a few small molecule inhibitors targeting the virus capsid have been reported for non-enveloped viruses including picornaviruses ([@bib4], [@bib7], [@bib14], [@bib17], [@bib21], [@bib33], [@bib41], [@bib42], [@bib43]).

In the present study, we identified fexaramine as a highly effective inhibitor against FCV in cell culture. We determined that fexaramine, a synthetic agonist of the farnesoid X receptor (FXR), functions as an entry blocker by using various *in vitro* assays and identified a mutation conferring viral resistance to fexaramine in cell culture. In addition, the effects of combination treatment of fexaramine and NPI52, an inhibitor of 3CLpro that was previously reported by our group ([@bib19], [@bib20], [@bib30]), in the replication of FCV and the emergence of viral resistance were investigated.

2. Materials and Method {#sec2}
=======================

2.1. Cells and virus {#sec2.1}
--------------------

Crandell-Rees feline kidney cells (CRFK) and feline infectious peritonitis virus (FIPV) 1146 strain, a feline coronavirus, were purchased from American Type Culture Collection (Manassas, VA). Non-vs-FCV strains including Urbana, F9 and 131, and vs-FCV strains including Jengo and Deuce were kind gifts from Dr. Green at National Institutes of Health ([@bib35]) or Dr. Parker at Cornell University ([@bib23]). FCV and FIPV were propagated with Eagle\'s Minimal Essential Medium (MEM) supplemented with 5% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin in CRFK cells.

2.2. Reagents and antibodies {#sec2.2}
----------------------------

Fexaramine was purchased from Sigma-Aldrich (St. Louis, MO) and dissolved in DMSO to 50 mM. Synthesis of the protease inhibitor NPI52 was previously reported by our group ([@bib19]). Hyperimmune guinea pig serum raised against FCV was previously described ([@bib35]). Monoclonal antibody against β-actin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

2.3. Antiviral effects of compounds in cell culture {#sec2.3}
---------------------------------------------------

To determine the 50% effective concentrations (EC~50~) of fexaramine and NPI52 for FCV, three-day-old confluent CRFK cells in 12- or 24-well plates (∼0.2 × 10^6^ or ∼0.4 × 10^6^ cells per well, respectively) were inoculated with FCV at a multiplicity of infection (MOI) of 0.05. The virus infected cells were then incubated in the presence of fexaramine or NPI52 at various concentrations (0.01--10 μM) for up to 2 days. Those compounds were also tested against FIPV because NPI52 was previously reported to have a strong antiviral effects for FIPV and FCV ([@bib20]). The infected cells were freeze-thawed three times and virus titers were determined by the standard TCID~50~ method with the 10-fold dilution of each sample ([@bib32]). The EC~50~ of each compound was calculated by nonlinear regression analyses of dose-dependent curves of virus titers against log inhibitor concentrations (variable slope) using GraphPad Prism 6 (GraphPad Software, Inc, San Diego, CA). At least 2 independent samples were used for determining EC~50~ values.

2.4. Nonspecific cytotoxic effect {#sec2.4}
---------------------------------

Confluent CRFK cells grown in 24-well plates were incubated with fexaramine or NPI52 at various concentrations up to 100 μM for up to 2 days. Cell cytotoxicity was measured by CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI) after 2 day-incubation, and the 50% cytotoxic concentration (CC~50~) of fexaramine or NPI52 was determined using GraphPad Prism 6. The *in-vitro* therapeutic indices (CC~50~/EC~50~) were also calculated for each virus strain.

2.5. Western blot analysis {#sec2.5}
--------------------------

Confluent CRFK cells were mock-treated or treated with various concentrations of fexaramine or NPI52, and immediately infected with FCV Urbana strain at an MOI of 2. Following incubation at 37 °C for 12 h, the cells were lysed with SDS-PAGE sample buffer containing 1% β-mercaptoethanol. The proteins were resolved on 10% Novex Tris-Bis gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes and the viral proteins were probed using FCV antibody (1:1000 dilution) ([@bib35]) and then with peroxidase-conjugated, goat anti-guinea pig IgG. Following incubation with a chemiluminescent substrate (1:5000 dilution) (Pierce Biotechnology, Rockford, IL), the chemiluminescent signals were detected using a Fotodyne Transilluminator/Digital Camera System (Fotodyne/FX, Hartland, WI). β-actin was used as a loading control.

2.6. Time-of-addition study with fexaramine or NPI52 in cell culture {#sec2.6}
--------------------------------------------------------------------

Confluent CRFK cells were washed with PBS and infected with FCV Urbana strain at an MOI of 10 for 1 h at 37 °C. The cells were then washed with PBS three times to remove residual viruses. Fexaramine or NPI52 was added to the cells at 1 h pre-infection, or 0, 1, 2, 4 or 6 h post-infection. The cells were then further incubated at 37 °C in the presence of each compound. At 12 h post-infection, cells were freeze thawed three times and virus titers were determined by the TCID~50~ method ([@bib32]). In a separate experiment, confluent CRFK cells were preincubated with fexaramine (2 μM) or NPI52 (2 μM) for 1 or 4 h and washed with PBS prior to virus infection. Cells were then incubated at 37 °C without any compound for 12 h and viral replication was evaluated as described above.

2.7. Generation of FCV resistant to fexaramine or NPI52 in cell culture {#sec2.7}
-----------------------------------------------------------------------

Sequential cell culture passages of FCV Urbana strain were performed in the presence of fexaramine or NPI52 to generate resistant viruses. The synthesis and antiviral effects of NPI52, a 3CLpro inhibitor, were previously reported by our group, but FCV resistance to NPI52 has not been determined. CRFK cells were infected with FCV at an MOI of 0.05 in the presence of fexaramine or NPI52 at concentrations near their EC~50~ values. At each passage, supernatants containing viruses were passed on to fresh cells in the presence of increasing concentrations of fexaramine or NPI52. Alternatively, cells were infected with FCV at an MOI of 2 in the presence of fexaramine or NPI52 at 0.05 to 5 μM, and supernatants were passaged with the same concentration of each compound. As a control, FCV Urbana (WT FCV) virus was passaged in the absence of compound following the same procedure. Virus titers at select passage numbers were determined by the TCID~50~ assay and the fold changes in the EC~50~ values relative to WT FCV were determined. Total viral RNA was isolated using the RNeasy Mini kit (Invitrogen) at passage number 4 (fexaramine) or 12 (NPI52) and the full length FCV genome was sequenced following amplification by RT-PCR for the identification of mutations.

2.8. Generation of FCV infectious clones carrying fexaramine- or NPI52-resistant mutations {#sec2.8}
------------------------------------------------------------------------------------------

To construct an infectious clone carrying a single amino acid mutation identified in fexaramine-resistant FCV, A539T mutation was introduced into the VP1 gene of an Urbana strain-based infectious clone, pQ14 ([@bib35]) by site-directed mutagenesis and the resulting clone was designated as pQ14CapA539T. Another infectious clone carrying a single amino acid mutation identified in NPI52-resistant FCV (pQ14ProT138S) was also generated by introducing the mutation into 3CLpro in a pQ14 clone. The primers for the sequence analysis and the *in vitro* mutagenesis are listed in [Table 1](#tbl1){ref-type="table"} . The WT pQ14 and the mutant clones were verified by sequence analysis and tested for their replication capability, as previously described ([@bib5]). Briefly, one-day old semi-confluent CRFK cells were infected with vaccinia virus encoding T7 polymerase (MVA-T7) for 1 h, washed with PBS and added with fresh medium. The pQ14, pQ14CapA539T or pQ14ProT138S plasmid was then transfected into the cells using Lipofectamine 2000, according to the manufacturer\'s protocol. Following incubation of the cells at 37 °C for 48 h, the cell supernatant was transferred to a monolayer of CRFK cells. The cells were then incubated at 37 °C and observed daily for appearance of cytopathic effects (CPE) for 96 h. The recovered WT or each mutant FCV (M Cap A539T or M Pro T138S) was examined for amino acid change in the genome by sequencing analysis. For each WT and mutant FCV, growth kinetics and EC~50~ values of fexaramine or NPI52 were determined as described above.Table 1Primers used in the sequence analysis and mutagenesis study.Table 1PrimerSequence (5′ to 3′)FCV-5E-FGTAAAAGAAATTTGAGACAATGFCV-1K-FFTTTAGATCAGAGGATGTGGCFCV-1K-RATGTGGTTGTTGGGTTATTCAGCFCV-2K-FTTCTGAACATTGACTCCTTAGCFCV-2K-RATGCCATGTTTTTCAGTGTGAAATFCV-3K-FAAAATTGGACCTGTCAGTTGAGFCV-3K-RGCTCCCAATGCCGCGCGGTGAFCV-4K-FAAGATGTTAATTGACCATTTATCFCV-4K-RCATAGAGGTTTCTGAGGAAATGTTFCV-5K-FAATTCTACTACATCAAGGGTGFCV-5K-RGGTTGGGTCTATACTTTTTGGGFCV-5K-FAAGCTTGCTGCTATAGTTGTGFCV-5K-RGCAGCATCGAGGTACTTTGGATFCV-7K-FATCCAATATTTTACAAGAACTCFCV-3E-RGAAAACATCAATTGATCTAATCACFCV CapA538T-FGGCATTGGAGAAGAAACCATTGGTGCTAATAGFCV CapA538T-RCTATTAGCACCAATGGTTTCTTCTCCAATGCCFCV Pro T138S-FGGTAACTGGATTGACTCCGGGTCTGGTGGTCCFCV Pro T138S-RGGACCACCAGACCCGGAGTGCAATCCAGTTACC

2.9. Three-dimensional model structures of VP1 and 3CLpro of FCV {#sec2.9}
----------------------------------------------------------------

A three-dimensional structure of FCV VP1 was generated with Pymol (<http://www.pymol.org>) using PDB ID [3M8L](pdb:3M8L){#intref0015} ([@bib8]). A three-dimensional structure of FCV 3CLpro was built by EasyModeller 4.0 software using rhinovirus 3Cpro, poliovirus 3Cpro, human norovirus 3CLpro, and hepatitis A virus 3Cpro (PDB ID: [1CQQ](pdb:1CQQ){#intref0020}, [1L1N](pdb:1L1N){#intref0025}, [2LNC](pdb:2LNC){#intref0030}, and [1QA7](pdb:1QA7){#intref0030a}, respectively) as templates as previously described ([@bib20]).

2.10. Combination treatment of fexaramine and NPI52 {#sec2.10}
---------------------------------------------------

First, combination treatment of fexaramine and NPI52 was conducted to determine whether it has synergistic, antagonistic or additive effects in FCV replication. FCV Urbana strain was inoculated into confluent CRFK cells at an MOI of 0.05 for 1 h and then the medium was replaced with mock-medium, or medium containing NPI52 or fexaramine, or a combination of fexaramine and NPI52 at various concentrations. The infected cells were further incubated for 24 h, and virus titers were determined by the TCID~50~ assay. For drug--drug interactions, the data were analyzed at the 95% confidence level using the MacSynergy II software ([@bib39]). First, theoretical additive interactions were calculated from the dose--response curve for each compound. Then the calculated additive surface was subtracted from the experimentally determined dose--response surface to yield regions of synergistic or antagonistic interactions. The resulting horizontal plane is where the interactions of two compounds are additive (0% synergy). Synergy or antagonism is shown as peaks above or below the horizontal plane, respectively.

In a separate experiment, the effect of combination treatment of fexaramine and NPI52 in the emergence of viral resistance to these compounds was determined. The same procedure as used for generating resistant viruses was followed: sequential cell culture passages of FCV Urbana strain were conducted in the presence of fexaramine and NPI52 at 0.05 to 5 μM. Virus titers at select passage numbers were determined by the TCID~50~ assay and the fold changes in EC~50~ values for fexaramine or NPI52 relative to WT FCV were calculated for up to 20 virus passages.

2.11. Statistics {#sec2.11}
----------------

The student t-test was used to compare the significance of the unpaired sample means. P values \< 0.01 were considered significant.

3. Results {#sec3}
==========

3.1. Fexaramine inhibits the replication of multiple FCV strains including vs-FCV strains {#sec3.1}
-----------------------------------------------------------------------------------------

The structures of fexaramine and NPI52 are shown in [Fig. 1](#fig1){ref-type="fig"} A. Fexaramine inhibited the replication of non-vs-FCV and vs-FCV strains with EC~50~ values ranging 0.18 to 0.49 μM ([Table 2](#tbl2){ref-type="table"} ). The CC~50~ value of fexaramine in CRFK cells was determined to be 46.3 μM ([Table 2](#tbl2){ref-type="table"}). The calculated *in-vitro* therapeutic indices (CC~50~/EC~50~) of fexaramine ranged from 46.3 to 94.5 for FCV, and those of NPI52 ranged from 319.5 to 3514.5 for FCV or FIP. While NPI52 showed significant antiviral effects, fexaramine had little effect on the replication of FIPV 1146 at up to 10 μM ([Table 2](#tbl2){ref-type="table"}). We have previously reported that NPI52 has a strong broad-spectrum antiviral effect against FCV and FIPV 1146 ([@bib19], [@bib20]) ([Table 2](#tbl2){ref-type="table"}). The antiviral effects of fexaramine or NPI52 against FCV Urbana strain was confirmed with Western blot analysis, which showed a significant reduction of VP1 by each compound in a dose-dependent manner ([Fig. 1](#fig1){ref-type="fig"}B). The dose-dependent inhibition of fexaramine and NPI52 against FCV Urbana determined by viral titration (TCID~50~) is shown in [Fig. 1](#fig1){ref-type="fig"}C.Fig. 1Structures of fexaramine and NPI52 (A) and the inhibitory activities of fexaramine and NPI52 against FCV (B--C). The replication of FCV Urbana strain with various concentrations of each compound was monitored by Western blot analysis (B) and the TCID~50~ assay (C) as described in the Materials and Method section. M in Fig. 1B indicates the mock-treatment.Fig. 1Table 2Effects of fexaramine and NPI52 in the replication of various strains of FCV or FIPV in CRFK cells.Table 2EC~50~ (μM)CC~50~ (μM)FCVFIPVUrbanaF9131Deuce[a](#tbl2fna){ref-type="table-fn"}Jengo[a](#tbl2fna){ref-type="table-fn"}1146Fexaramine0.18 ± 0.10.36 ± 0.20.10 ± 0.030.33 ± 0.250.49 ± 0.16\>1046.3 ± 3.5NPI520.02 ± 0.010.05 ± 0.020.05 ± 0.020.22 ± 0.20.03 ± 0.030.02 ± 0.0370.29 ± 5.1[^1][^2]

3.2. Fexaramine inhibits the early stage of viral infection {#sec3.2}
-----------------------------------------------------------

Our time-of-addition study showed that significant viral inhibition occurred when fexaramine was added to the cell culture prior to virus infection (−1 h) or within 2 h post-infection (PI), but not after 4 h PI ([Fig. 2](#fig2){ref-type="fig"} B). NPI52 that blocks cleavage of newly produced viral polyproteins ([@bib19]) did not inhibit virus replication when added after 6 h PI ([Fig. 2](#fig2){ref-type="fig"}B). The preincubation of CRFK cells with fexaramine (2 μM) for 1 or 4 h prior to virus infection had little effects on the virus replication (data not shown). These results show that fexaramine works at a virus entry step before virus replication occurs.Fig. 2Time-of-addition studies of fexaramine or NPI52 using FCV Urbana strain. Confluent CRFK cells were infected with FCV, and fexaramine or NPI52 was added at 1 h prior to virus infection or 0, 1, 2, 4 or 6 h following virus infection (A). At 12 h post-infection, virus titers were measured by the TCID~50~ assay (B). The asterisk indicates statistical significance (*p* \< 0.05) between the indicated group and the mock-treatment (no compound).Fig. 2

3.3. Generation of FCV strains resistant to fexaramine or NPI52 in cell culture for identification and analysis of mutations {#sec3.3}
----------------------------------------------------------------------------------------------------------------------------

FCVs resistant to fexaramine or NPI52 were generated by passaging FCV Urbana strain in the presence of each compound in CRFK cells. The fold increases in the EC~50~ values of serially passaged viruses compared to WT FCV are shown in [Fig. 3](#fig3){ref-type="fig"} . Rapid emergence of fexaramine-resistant virus was observed with 18.6- to 28.6-fold increase in the EC~50~ values for P3 and P11. However, in contrast to fexaramine, NPI52-resistant viruses appeared at later passages with a 9.4-fold increase in the EC~50~ value at P11 ([Fig. 3](#fig3){ref-type="fig"}). Analysis of the full-genome sequences of viruses resistant to fexaramine or NPI52 at P4 and P12 led to the identification of a single amino acid substitution in VP1 (A539T) and 3CLpro gene (T138S), respectively. The A539T substitution in P4 FCV is located in the P2 subdomain of VP1 ([Fig. 4](#fig4){ref-type="fig"} A). The alanine at amino acid position 539 in the VP1 is highly conserved among FCV VP1 sequences reported in GenBank (270 strains) and comprises 82.2% of FCV VP1 sequences, followed by valine (14.4%) and proline (3.3%) ([Fig. 4](#fig4){ref-type="fig"}A). However, none of FCV VP1 sequences was reported to have threonine at that position. The T138S substitution in FCV P12 3CLpro is located in the C-terminal domain near the active site ([Fig. 4](#fig4){ref-type="fig"}B). The threonine residue at the position of 138 in 3CLpro is conserved in all reported FCV 3CLpro sequences (48 strains).Fig. 3Fold changes in the EC~50~ values of fexaramine against FCV serially passaged with each compound compared to that of WT FCV in CRFK cells. FCV Urbana strain was serially passaged in CRFK cells in the presence of fexaramine or NPI52 and the EC~50~ values of each compound for viruses at selected passages was determined and compared to that for WT FCV.Fig. 3Fig. 4Resistant mutations against fexaramine or NPI52. A. A single residue substitution A539T (red) is located in the P2 subdomain of the VP1 gene of FCV passaged in the presence of fexaramine. The A539T substitution (asterisk) is also shown on the schematic representation of FCV VP1 gene. The P2 domain is located between amino acids 383 and 550 of the VP1. B. A ribbon representation of FCV 3CLpro built from the 3Cpro of rhinovirus, poliovirus, hepatitis A virus and human norovirus by the EasyModeller program. The residues in the catalytic triad (H39, E60 and C122) are shown as purple sticks. The red stick indicates the amino acid substitution (T138) on FCV 3CLpro. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

3.4. Mutant FCVs carrying the identified mutation generated by the reverse genetics are resistant to fexaramine or NPI52 {#sec3.4}
------------------------------------------------------------------------------------------------------------------------

Using the reverse genetics system of FCV, M Cap A539T (recombinant FCV with A539T mutation in VP1) and M Pro T138S (recombinant FCV with P138S mutation in 3CLpro) were generated. The growth kinetics of M Cap A539T and M Pro T138S were comparable to that of WT FCV ([Fig. 5](#fig5){ref-type="fig"} A), indicating that the replication efficiencies of those mutant FCVs are not compromised by the mutation. The EC~50~ values of M Cap A539T against fexaramine and M Pro T138S against NPI52 were increased by 20.6- or 7.7-fold, compared to that of the WT FCV ([Fig. 5](#fig5){ref-type="fig"}B), respectively. These fold increases are comparable to those observed with resistant viruses generated by serial passages ([Fig. 3](#fig3){ref-type="fig"}). As expected, M Cap A539T and M Pro T138S retained its susceptibility to NPI52 or fexaramine, respectively, in cell culture ([Fig. 5](#fig5){ref-type="fig"}B).Fig. 5The growth kinetics (A) and susceptibility (B) of FCV mutants to fexaramine or NPI52. An infectious recombinant FCV full-genome clone carrying A539T in the VP1 gene or T138S in the 3CLpro gene was generated using the reverse genetics system of FCV. A. The growth kinetics of WT- and the mutant FCVs were compared. WT, M Cap A539T and M Pro T138S indicate WT, mutant FCV carrying A539T in the VP1 and recombinant FCV carrying T138S in the 3CLpro, respectively. B. The fold changes in the EC~50~ values of fexaramine or NPI52 against each mutant FCV compared to WT FCV were determined in cell culture.Fig. 5

3.5. Combination treatment of fexaramine and NPI52 showed synergistic antiviral effects and delayed the emergence of viral resistance {#sec3.5}
-------------------------------------------------------------------------------------------------------------------------------------

When virus-infected cells were treated with combinations of fexaramine (0--2 μM) and NPI52 (0--2 μM), synergistic effects were observed with a maximal synergy at concentrations of 0.1--0.5 μM ([Fig. 6](#fig6){ref-type="fig"} A and B). Synergy volumes determined at the 95% confidence interval were 33.4 μM^2^% with a log volume of 8.35. Cytotoxicity was not observed at any concentrations of combination treatment. Emergence of resistant viruses against fexaramine or NPI52 was not observed up to 20 sequential cell culture passages of FCV with combination treatment of fexaramine and NPI52.Fig. 6Effects of combination treatment of fexaramine and NPI52 on the replication of FCV in cell culture. Confluent CRFK cells were infected with FCV Urbana strain and the medium was replaced with fresh medium containing mock or the combinations of fexaramine and NPI52 (0--2 μM). The cells were incubated for 24 h and virus replication was measured by the TCID~50~ assay. A and B. Drug-drug interactions were analyzed by the MacSynergy II software at 95% confidence limits. The colors indicate the level of synergy or anatogonism and the peaks above the plane of 0% synergy in the plot indicate synergy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 6

4. Discussion {#sec4}
=============

Fexaramine is a synthetic agonist of the farnesoid X receptor (FXR), a member of a nuclear receptor family, which plays an important role in metabolic pathways such as lipid and glucose metabolism ([@bib9]). The effects of FXR in modulating metabolism and increasing energy expenditure on food intake has suggested the potential use of fexaramine in treatment of obesity and metabolic syndrome such as insulin resistance ([@bib10]). The effects of FXR agonists in lipid metabolism have also shown to play a role in the replication of viruses that requires close interaction with lipid contents ([@bib15], [@bib18], [@bib31]). We previously reported that FXR agonists including bile acids and fexaramine inhibit the replication of rotavirus and their inhibitory effects are mediated by reduction of cellular lipid contents by the activation of FXR ([@bib18]). In this study, we demonstrated that the replication of FCV is potently inhibited by fexaramine in cell culture. Interestingly, investigation on the mode of FCV inhibition by fexaramine by various experiments including the time-of-addition studies and analysis of viral resistance showed that, in contrast with inhibition of rotavirus ([@bib18]), fexaramine acts as an entry inhibitor of FCV. Virus entry inhibitors have been developed or reported for enveloped viruses including human immunodeficiency virus (HIV) ([@bib13], [@bib44]), influenza virus ([@bib25]), Measles virus ([@bib28]) and Dengue virus ([@bib34]). Virus entry inhibitors have also been reported for non-enveloped viruses including picornaviruses including poliovirus ([@bib41]), enterovirus ([@bib4], [@bib14], [@bib21], [@bib43]) and rhinoviruses ([@bib7], [@bib17], [@bib42]). However, entry inhibitors of any calicivirus have not been reported and this is the first report on a small molecule entry inhibitor of feline calicivirus. We also tested fexaramine against murine norovirus and porcine enteric calicivirus (sapovirus) in a preliminary study but it had minimal inhibitory activity at up to 10 μM in cell culture against those viruses (data not shown).

In our study, different field strains of FCV, including vs-FCV strains that are causative agents of fatal, systemic infection among cats, were susceptible to antiviral effects of fexaramine in cell culture. Although potent, we found that the antiviral effect of fexaramine against FCV is slightly less than that of NPI52, an inhibitor of FCV 3CLpro in cell culture ([@bib19], [@bib20]). It is of note that fexaramine has a low genetic barrier to resistance as fexaramine-resistant viruses were readily obtained within 3--5 serial passages ([Fig. 3](#fig3){ref-type="fig"}). This was in contrast to the case with NPI52 against FCV where NPI52-resistant viruses were obtained at later viral passages and the decrease in drug susceptibility was of less magnitude compared to fexaramine ([Fig. 3](#fig3){ref-type="fig"}).

Our analysis of fexaramine-resistant FCV showed that a single mutation in VP1 (A539T) confers viral resistance to fexaramine. The alanine at the 539 site of the P2 subdomain of VP1 is located in the surface-exposed loop of the P2 subdomain of VP1 and is highly conserved among FCV field strains ([Fig. 4](#fig4){ref-type="fig"}A). The A539T mutation in fexaramine-resistant virus sits adjacent to a mutation (I535V) that was previously identified in some FCV mutants conferring resistance to the soluble ectodomain of the FCV receptor ([@bib24]), feline functional adhesion molecule A (fJAM-A) ([@bib22], [@bib23]). Analysis of resistant mutants generated by soluble fJAM-A suggested that binding of FCV to fJAM leads to conformational change of FCV VP1 ([@bib24]), and the binding and subsequent conformation changes seem to be mediated by residues located in the surface-exposed or hidden regions in VP1, including the P2 subdomain, respectively ([@bib24]). Other non-enveloped viruses, such as human rhinoviruses (HRVs), are reported to undergo conformational changes of virus capsids during virus entry, and inhibition of capsid conformational changes by a small molecule inhibitor was reported for HRV and other enteroviruses. Pleconaril, an entry inhibitor, binds to a hydrophobic pocket in the VP1 of HRV, inducing conformational changes that lead to altered receptor binding and viral uncoating ([@bib33]). Although we did not further investigate the specific mechanism underlying the inhibition by fexaramine in this study, it is plausible that fexaramine interacts with the residue in the P2 subdomain of FCV VP1 to interfere with viral receptor binding and/or uncoating during virus entry. We plan to conduct co-crystallization with FCV (or FCV VP1)-fexaramine complex to understand the inhibitory mechanism, which may generate valuable information for potential optimization of fexaramine to improve its antiviral effects. We also found that the mutation in FCV 3CLpro that confers resistance to NPI52 (T138S) is located at the active site of the enzyme ([Fig. 4](#fig4){ref-type="fig"}B). Threonine at 138 position is conserved among FCV strains and corresponds to threonine at 134 position in human norovirus 3CLpro, a virus protease structurally and functionally closely related to FCV 3CLpro. Previous crystallographic study on the complex of human norovirus 3CLpro-dipeptidyl protease inhibitor showed that threonine at 134 position forms a hydrogen bond with the inhibitor that shares the core structure with NPI52 ([@bib19], [@bib40]). Interestingly, the growth kinetics of the mutant FCVs carrying A539T or T138S were comparable to that of WT FCV, suggesting that these mutations do not affect the efficiency of virus replication in cell culture.

Combination of antiviral agents with differing viral targets has been used to reduce the risk of viral resistance and improve efficacy for human immunodeficiency virus and hepatitis C virus infections ([@bib1], [@bib27]). Therefore we studied the effects of combination treatment of fexaramine and NPI52 in cell culture and found that combination treatment shows synergistic antiviral effects at the tested drug concentrations ([Fig. 6](#fig6){ref-type="fig"}). More importantly, combination treatment substantially delayed the emergence of resistant viruses to fexaramine or NPI52 up to 20 passages. These results provide a strong rationale for further investigation of combinational treatment of antiviral agents targeting different virus proteins to overcome resistance to single antiviral agent and enhance antiviral activity for FCV infection. In conclusion, our study reports the first entry inhibitor of FCV and potential combination use of an entry inhibitor and viral protease inhibitor against FCV infection.
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==============================
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[^1]: EC~50~ and CC~50~ indicates the 50% effective concentration and 50% cytotoxic concentration, respectively. Values are average ± standard deviation from at least 2 independent experiments.

[^2]: Virulent, systemic strains of FCV. FIPV 1146 strain was included as a control. The EC~50~ and CC~50~ values of NPI52 were previously reported in our publication ([@bib20]) and included in the table for comparative purposes.
